Controlling the size and shape of DNA condensates is important in vivo and for the improvement of nonviral gene delivery. Here, we demonstrate that the morphology of DNA condensates, formed under a variety of conditions, is shifted completely from toroids to rods if the bacterial protein HU is present during condensation. HU is a nonsequence-specific DNA binding protein that sharply bends DNA, but alone does not condense DNA into densely packed particles. Less than one HU dimer per 225 bp of DNA is sufficient to completely control condensate morphology when DNA is condensed by spermidine. We propose that rods are favored in the presence of HU because rods contain sharply bent DNA, whereas toroids contain only smoothly bent DNA. The results presented illustrate the utility of naturally derived proteins for controlling the shape of DNA condensates formed in vitro. HU is a highly conserved protein in bacteria that is implicated in the compaction and shaping of nucleoid structure. However, the exact role of HU in chromosome compaction is not well understood. Our demonstration that HU governs DNA condensation in vitro also suggests a mechanism by which HU could act as an architectural protein for bacterial chromosome compaction and organization in vivo.
INTRODUCTION
Multivalent cations and molecular crowding agents can cause DNA to collapse from solution into well-defined nanometer-scale particles (1) (2) (3) (4) (5) . This phenomenon of DNA condensation has been studied for many years as a model of high-density DNA packing in living systems, particularly in sperm cells and viruses (6) (7) (8) . More recently, efforts to enhance artificial gene delivery for the improvement of gene therapies have generated substantial interest in the development of methods to control the size and shape of DNA condensates (9) (10) (11) . The principal morphologies of DNA condensates formed in vitro are toroids, rods and spheroids. Toroidal condensates are the predominant morphology observed under many experimental conditions, and have historically received the most attention.
We have recently demonstrated that the size of toroidal DNA condensates can be controlled by solution conditions and by static DNA loops that act as nucleation sites for toroid formation. Such loops can significantly decrease the average diameter of toroidal condensates (12) (13) (14) . Monovalent and divalent salt concentrations have also been shown to affect the size and thickness of DNA toroids (13, 14) . In contrast, controlling the morphology of DNA condensates between toroids and rods is largely an unexplored problem. Bloomfield and co-workers have demonstrated that condensation of DNA with me 8 -spermidine (a derivative of spermidine with methylated amines), or with other condensing agents in water-alcohol mixtures, increases the population of rod-like condensates (4, (15) (16) (17) . However, a general method for obtaining complete control over condensate morphology for a range of condensing agent structure and solution conditions has not been previously reported.
We have hypothesized that some natural proteins active in DNA condensation could be adapted to gain further control over DNA condensation in vitro. Protamines, which package DNA in vertebrate sperm cells, are obvious candidates because sperm cell chromatin represents one of the most highly condensed forms of DNA found in nature (18) (19) (20) (21) . The DNA-condensing properties of protamines have been the subject of numerous investigations (7, (21) (22) (23) (24) , and have been used for artificial gene delivery (25) (26) (27) . Our laboratory has recently demonstrated that cysteine-rich mammalian protamines readily condense DNA into spherical particles that are salt-stable (28) . Nevertheless, sperm cell proteins represent only one possible class of proteins to aid the control of DNA condensation in vitro.
Prokaryotic cells contain a set of proteins that bind DNA and are associated with the nucleoid. Among these proteins, HU has been characterized as the most important protein for structural organization of the bacterial chromosome. For example, the lack of HU in the hupAhupB mutant results in decondensed nucleoids and anucleate cells (29) (30) (31) (32) . In E. coli, HU exits predominantly as a 20-kDa heterodimer composed of two subunits, HUa and HUb, encoded by the hupA and HUpB genes. While HU was initially characterized as the bacterial equivalent of histones, more recent studies have revealed that the main role of HU in a number of cellular processes is that of a DNA architectural protein that bends DNA in a non-sequence-specific manner (33) (34) (35) (36) (37) .
Thus, HU appears to be more similar in function to the HMG proteins of eukaryotes than it is to histones (32, (38) (39) (40) . The structure of Anabaena HU in a co-crystal with DNA revealed that conserved prolines of HU intercalate between the bases of DNA from the minor groove to induce pronounced kinks in the double helix (41) . The crystal structure reveals that the HU-induced bend angle in DNA is as great as 1058 to 1408 (41) . However, these HU-DNA co-crystals contained DNA with both mismatched and unpaired bases. Solution state studies with un-nicked DNA support a bend angle of approximately 608 (42, 43) . Measurements of DNA bending by HU also vary because HU-DNA complexes form flexible hinges that can accommodate a range of different bend angles (41, 44, 45) .
In the present study, we have investigated the effects of HU on the process of DNA condensation in vitro. HU does not, by itself, cause DNA to condense into high-density particles. Furthermore, HU has been shown previously by in vitro assays to only moderately decrease the concentration of macromolecular crowding agents required to condense DNA (46, 47) . These previous experiments did not explore the potential role of HU in shaping the morphology of condensed DNA. Here, we report that HU causes a substantial change in the preferred morphology of DNA condensates formed upon the addition of molecular crowding agents or polyamines. The results presented provide additional support that local alterations in nucleic acid structure can be used to control both the size and morphology of DNA condensates (12, 13, 48) . To the best of our knowledge, this is the first report of controlling DNA condensation with a protein that does not by itself condense DNA into high-density condensates. The results presented here are also suggestive of how HU may work in some capacity as an architectural protein in the compaction of the bacterial chromosome in vivo.
MATERIALS AND METHODS

DNA preparation
Bluescript II SK-(Stratagene) plasmid was isolated from the E. coli strain DH5a (Life Technologies) using the Qiagen maxi-prep kit (Valencia, CA), and linearized by digestion with the restriction endonuclease HindIII (New England Biolabs). Following enzymatic digestion, the DNA was rinsed at least five times with 1Â TE (10 mM Tris, 1 mM EDTA, pH 7.8) using a Microcon-YM 30 spin column (Millipore) to remove salts and buffers from the restriction digest. The DNA was finally resuspended from the spin column in 1Â TE. DNA concentration was verified spectrophotometrically. Bluescript II SKÀ plasmid is abbreviated as ''linear DNA'' throughout the text. Supercoiled Bluescript II SKÀ plasmid, obtained directly from the plasmid isolation procedure, was determined to be more than 90% supercoiled based on agarose gel electrophoresis analysis. Supercoiled DNA was also rinsed at least five times with 1Â TE to ensure that the buffer conditions of all DNA stock samples were identical.
HU protein
HU protein was isolated and purified from the E. coli strain RLM1078 following a procedure previously described by Wojtuszewski et al. (49) . To eliminate a contaminating nuclease, isolated HU protein was further purified on an FPLC MonoS 5/5 or 10/10 cation exchange column (Amersham-Pharmacia). The column was developed with a 0.05 to 1.0 M linear NaCl gradient and HU eluted at 0.35 M NaCl. The lack of nuclease activity was verified by the absence of digested products after incubating plasmid DNA with the protein. The extinction coefficient at 230 nm of 37.5 mM À1 cm À1 was used to calculate HU protein concentration (49) .
Preparation of DNA condensates
PEG-induced DNA condensates were prepared by mixing solutions of DNA and PEG 8000 to yield a final reaction mixture 5 mM DNA bp (given in units of base pair throughout), 125 mg/ml PEG 8000, 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 100 mM NaCl. The condensate reaction mixtures were allowed to equilibrate at room temperature for 20 min before depositing on grids. For PEG-induced condensates prepared in the presence of HU, HU was introduced to the DNA at three different points in the condensation process: (1) DNA was condensed with solutions of PEG containing HU for 20 min (HU during condensation); (2) DNA was incubated with HU for 10 min and then condensed with PEG for 10 min (HU before condensation); (3) HU was incubated for 10 min after DNA had been condensed by PEG for 10 min (HU after condensation). In all cases, the reaction mixtures were allowed to equilibrate at room temperature for 20 min before depositing on grids, and final condensate solutions were all 5 mM DNA bp, 125 mg/ml PEG 8000, 50 mM Tris-HCl (pH 7.8), 1 mM EDTA, 100 mM NaCl.
Spermidine-induced condensates were prepared by mixing solutions of DNA and spermidine to yield a condensation reaction mixture of 5 mM DNA, 700 mM spermidine, 0.33 Â TE (pH 7.8), 15 mM NaCl. The same protocol was followed for the preparation of spermine-induced condensates, in which DNA was mixed with spermine to yield a condensation reaction mixture of 5 mM DNA, 15 mM spermine, 0.33 Â TE (pH 7.8), 15 mM NaCl. For spermidine and spermine DNA condensation in the presence of HU, the same three protocols were followed as described above for the condensation of DNA by PEG in the presence of HU (i.e. HU before, during and after condensation).
Electron microscopy and analysis of DNA condensates A 5 ml aliquot of each DNA condensate reaction mixture was deposited directly onto a carbon-coated electron microscopy grid (Ted Pella, Redding, CA). After allowing condensates to settle onto the grid for 15 min, 2% uranyl acetate was added to the grid for 2 min, and then the grid was rinsed in 95% ethanol and air-dried. The condensates prepared with PEG 8000 were rinsed in 20% ethanol to reduce the deposition of PEG aggregates. The size and morphology of DNA condensates were examined using a JEOL-100C transmission electron microscope (TEM). To obtain the relative toroid and rod populations in each sample, the grid surface was randomly scanned and the number of unaggregated toroids and rods visible on the viewing screen were counted. Several hundred structures were counted for each grid. Each measurement reported is the average of the counts from three different grid preparations. Images were acquired at 100, 000Â magnification, and film negatives were scanned into digital format at 300 pixels/in. A computer graphics program was used to measure the dimensions of individual condensates for each sample.
RESULTS
HU governs the morphology of condensates formed under molecular crowding conditions
The addition of PEG 8000 to a sample of linear DNA at physiological ionic strength causes the condensation of DNA into toroidal and rod-like particles ( Figure 1A, B) . The mean outer diameter of toroids was 199 nm (s, AE94 nm) with a mean thickness of 71 nm (s, AE39 nm). The average length of rods was 386 nm (s, AE81 nm) with a mean thickness of 95 nm (s, AE27 nm). The relative populations of rods and toroids measured under the PEG-induced condensation conditions were 83% toroids and 17% rods.
When the protein HU was added along with PEG to DNA, a definitive shift was observed in condensate morphology from toroids to rods as a function of HU concentration ( Figure 1C) . A plateau in relative rod population was reached at around 250 nM HU (in units of HU dimer). At this HU concentration, and up to at least 400 nM HU, rods represent 75% of the condensates tallied. The midpoint between the initial rod population and that of the plateau occurs at an HU concentration of 80 nM. Given that the DNA concentration for these experiments was 5 mM in bp, and that the binding site for HU is one HU dimer per 9 DNA bp, the concentration of HU required to cause the observed change in condensate morphology is less than what would be required to fully load the DNA (about 560 nM HU). The number of HU molecules necessary to control DNA condensate morphology was actually found to be significantly less than full loading (vide infra).
The addition of HU alone to DNA (i.e. in the absence of PEG) was not observed to condense DNA into densely packed particles, even up to an HU concentration of 400 nM. Furthermore, the DNA toroids and rods produced by PEG in the presence of HU are similar in size to those produced by PEG alone. Thus, HU apparently functions primarily as an architectural protein in condensation reactions rather than as either a strong protagonist or an antagonist of DNA condensation, at least for the range of HU concentrations studied here.
We note that PEG 8000 (without DNA or HU) was observed to form globule structures under the same solution conditions and EM grid preparation procedure (Materials and Methods). PEG 8000 did not produce particles with toroidal or rod-like morphologies. Thus, the statistics reported for PEG-induced DNA condensate morphology accurately represent the relative populations of toroids and rods. However, it cannot be ruled out that the globule structures observed when DNA is condensed by PEG do not contain any condensed DNA. This caveat does not apply to the other condensation protocols presented below, because the polyamine condensing agents did not produce any particles on the EM grids when DNA was not present.
HU governs the morphology of spermidine-DNA condensates
When linear DNA of 3 kb or greater length is condensed from solution by a wide variety of cationic molecules (e.g. polyamines, poly-lysine, protamines), the resulting condensate particles are mostly toroids, with the remaining particles being almost entirely rods (1, 2, 4, 5, 23, 50, 51) . Under our experimental conditions, spermidine condensed linear 3 kb DNA into 97% toroids and only 3% rods. To elucidate the effect of HU on DNA condensation by polyamines, the morphology of spermidine-induced condensates was examined as a function of HU concentration. As shown in Figure 2 , HU also causes a significant increase in the population of rod-like condensates for linear DNA (5 mM bp) when condensed by spermidine (700 mM). Specifically, the relative population of rod-like condensates increases from 3% rods (in the absence of HU) to greater than 90% rods in the presence of 50 nM HU, with the half maximum rod population being observed at 15 nM HU ( Figure 2C ).
DNA toroids produced by spermidine-induced condensation were of similar dimensions as those produced by PEG-induced condensation, with a mean outside diameter of 250 nm (s, AE22 nm) and a mean thickness of 82 nm (s, AE12 nm), but with smaller standard deviations in these dimensions. DNA rods produced by spermidine-induced condensation in the presence of HU exhibited an overall mean length of 450 nm and a mean width of 78 nm for all HU concentrations investigated. Rod length and thickness proved to be relatively insensitive to HU concentration. For example, rods formed in the presence 100 nM HU and 200 nM HU were the same size within experimental variation, i.e. mean rod length of 458 nm (s, AE46 nm) vs. 450 nm (s, AE61 nm), and mean rod thickness of 76 nm (s, AE 4 nm) vs. 82 nm (s, AE16 nm), respectively. We note that these mean thicknesses are also the same, within experimental error, for toroids and rods observed in absence and presence of HU. These observations demonstrate that HU does not significantly affect the dimensions of condensates produced by spermidine, only the relative population of rods. Thus, HU can act as a guide for DNA condensate morphology for both crowding-induced and polyamine-induced condensations. We note that HU causes a similar morphology shift for condensates formed by another commonly used tri-cationic DNA condensing agent, hexammine cobalt (III) (data not shown).
HU and supercoiling work together to promote the formation of rod-like condensates
It is known that supercoiling of DNA can provide highaffinity binding sites for HU (52) . To explore the possibility that HU can work in conjunction with supercoiling to govern DNA condensate morphology, we investigated the condensation of supercoiled DNA as a function of HU concentration. For these particular studies, we chose to use spermidine-induced condensation because, as mentioned above, the statistics for DNA condensate morphology were potentially more accurate than those obtained for PEG-induced condensation. Additionally, the dimensions of rods and toroids were more uniform for the spermidine condensation reaction, which arguably makes rod versus toroid population statistics more relevant with regards to the amount of DNA condensed into each of these two morphologies.
The condensation of supercoiled DNA by spermidine (in the absence of HU) produces a greater population of rods than linear DNA, i.e. 50% vs. 3%, respectively ( Figure 2 ). The addition of HU along with spermidine to supercoiled DNA again resulted in a concentrationdependent increase in the population of rods ( Figure 2C ). We observed that this combination of HU and superhelical stress increases the population of DNA rods to at least 99% at 100 nM HU (5 mM DNA bp; 700 mM spermidine), which is greater than the maximum rod population observed with linear DNA. The half maximum rod population was observed at 15 nM HU dimer, which is similar to that observed for linear DNA condensed by spermidine. Thus, HU and superhelical stress apparently work together to increase the population of rod-like condensates, and the effect of HU on DNA condensation is not fundamentally different for linear versus supercoiled DNA.
The role of HU in controlling DNA condensate morphology, rather than as a true condensing agent, is again illustrated by the similar condensate structures observed for supercoiled DNA in the absence and presence of HU. Under the conditions of our study, the rod-like condensates of supercoiled DNA condensed by spermidine exhibited thin fibril structures extending out from the main mass of the condensate (Figure 2C, D) . We have previously shown that such structures indicate the existence of partially condensed DNA that collapses into fibrils upon preparation of EM grids (14) . Slight changes in condensation conditions (e.g. ionic strength, temperature, sample dilution) can cause the appearance or disappearance of such fibrils (14) . Thus, the coexistence of these fibrils on DNA condensates prepared in samples that only differ by the presence of HU is another strong indication that HU does not significantly promote or hinder DNA condensation at the protein concentrations used in this study. We note that fibrils extending from DNA condensates are not particular to supercoiled DNA, but are also observed for condensed linear DNA, depending on specific sample conditions (14) .
HU governs the morphology of spermine-DNA condensates
Condensation reactions similar to those described above were also performed with linear DNA and the tetracation spermine to further explore the possibility that guiding DNA condensation is a general property of HU, regardless of the condensing agent. Similar to spermidine, when linear DNA was condensed by spermine, the majority of particles formed were well-defined toroids with a minor population of rods (97% toroids, 3% rods) (Figure 3) .
DNA condensed by spermine also exhibited a gradual increase in the percentage of rod-like condensates as a function of HU ( Figure 3C) . A maximum plateau for rod population of approximately 90% was observed near 200 nM HU, with the half maximum population observed at 60 nM HU. Thus, HU is somewhat less effective in controlling the condensates formed by spermine in comparison to spermidine (a polyamine with one less charge).
In contrast to the condensates formed in the presence of PEG or spermidine, the condensates formed by spermine are considerably smaller ( Figure 3A, B) . Toroids had a mean outside diameter of 102 nm (s, AE12 nm) and a mean thickness of 34 nm (s, AE6 nm). The overall mean length and thickness of spermine-DNA rods, 215 nm and 28 nm, respectively, for all samples were also considerably lesser than those produced by PEG or spermidine. These condensate dimensions did not change significantly with increasing HU concentration. For example, at 100 nM HU the mean rod length was 221 nm (s, AE32 nm) and the mean rod thickness was 26 nm (s, AE5 nm), compared to 212 nm (s, AE23 nm) and 29 nm (s, AE5 nm), respectively, at 200 nM HU. The similar dimensions for spermine-DNA condensates formed in the absence and presence of HU again demonstrates the general ability of HU to guide DNA condensate morphology without significantly altering condensate size. The small change observed in condensate size with increasing HU concentration is even less significant when one considers the much greater difference in rod lengths that are associated with different condensing agents.
How many HU proteins are necessary to guide the condensation of a DNA molecule?
DNA condensed by spermidine appeared to be the most practical system among those presented here from which to determine the minimum number of HU proteins necessary to guide DNA condensation. A series of condensation experiments was conducted, in which the concentration of linear DNA was increased above 5 mM bp (i.e. the concentration used in all other experiments). For these experiments, HU concentration was fixed at 67 nM and spermidine concentration at 700 mM. This concentration of HU was chosen because it represents a point at which the rod population was within the plateau region ( Figure 2C ). At the initial concentrations of 5 mM DNA bp and 67 nM HU, there is the potential to bind at most one HU dimer per 75 bp. Our analysis by EM did not reveal any reduction in rod population when DNA concentration was increased to 15 mM bp, at which point there could be no more than one HU dimer bound per 225 bp. In a condensation reaction where the DNA concentration was increased to 20 mM bp (i.e. 1 HU dimer per 300 bp), the rod population exhibited the first appreciable decrease to approximately 80%. However, at this concentration of DNA, the condensates began to aggregate, which did not allow for the collection of precise morphology statistics. At DNA concentrations higher than 20 mM bp, condensate aggregation became even worse. Thus, within the limits of these experiments, our results demonstrate that at most one HU dimer is required per 225 bp to guide spermidine-DNA condensates into rod-like structures. This ratio could be smaller, as this estimate assumes that all HU is bound to DNA that is condensed in the rod-like condensates.
For DNA rods 450 nm in length, one 1808 bend occurs in the DNA helix approximately every 1300 bp. It is known that HU binds more tightly to bent DNA (42, 53, 54) , so it is reasonable to hypothesize that HU proteins would be localized at the end regions of rods. As mentioned above, HU can stabilize DNA bend angles that range from 60 to 1408 (41) (42) (43) (44) (45) . Thus, at most three HU dimers would be expected to localize at each DNA bend within a spermidine-DNA rod. This estimate translates to a maximum of one HU dimer per 430 bp. Our determination that not more than one HU dimer is required per 225 bp is within a factor of two of this simple theoretical estimate. Our observation that rod populations begin to decrease at a ratio of 1 HU per 300 bp (at 67 nM HU) is also in reasonable agreement with our estimate for the maximum number of HU dimers bound per rod.
Our determination that 67 nM HU will guide the condensation of DNA by spermidine into almost exclusively rod-like structures at a ratio of 1 HU dimer per 225 DNA bp also has important implications regarding the observed initial increase in rod population as a function of HU concentrations below 50 nM HU ( Figure 2C ). In particular, the same ratio of HU to DNA bp does not result in the formation of more than 66% rods for a DNA concentration of 5 mM bp and an HU concentration of 22 nM ( Figure 2C ). Thus, for DNA samples 5 mM in bp and HU concentrations below approximately 50 nM, the ability for HU to guide DNA condensation is not simply limited by the number of HU molecules present in the sample but apparently by the number of HU molecules actually bound to DNA (i.e. association constant limited). This conclusion is also supported by a set of experiments in which relative rod populations were measured for HU concentrations from 0 to 50 nM with a reduced DNA concentration of 2.5 mM bp. Rod populations were found to be the same as those measured for DNA at 5 mM bp (data not shown), which also indicates that rod populations are governed by the HU-DNA association constant for HU concentrations below 50 nM, rather than simply the ratio of HU to DNA present in the samples.
The HU-DNA disassociation constant (K d ) at the ionic strength of the condensation experiments carried out with spermidine was previously determined to be 400 nM (55) .
However, it is not currently possible to establish a complete equilibrium description of HU association with DNA in the presence of spermidine, as the possibility exists that HU binds more tightly to the sharp bends within a rod-like condensate than free DNA in solution.
Order of HU addition affects condensation morphology statistics
We have previously shown that DNA condensate size and morphology is affected differently by chemical agents that alter DNA structure if these agents are added to DNA before, during (i.e. coincident) or after the addition of a condensing agent (14) . For example, order-of-addition studies provided important clues regarding how Mg 2þ (which promotes helix-helix contacts) influences the different stages of DNA condensation (i.e. nucleation, proto-toroid formation and equilibrium growth) (14) . The results presented above that demonstrate the effects of HU on DNA condensation were from experiments in which HU was added to DNA coincident with the condensing agents. As a means to gain insight into the stages at which HU controls the morphology of DNA condensates, we have also performed experiments in which HU was added before or after the addition of each condensing agent.
When HU was incubated with DNA prior to condensing agent addition, an increase in rod population was also observed for condensation by PEG/NaCl, spermidine and spermine (Figure 4) . However, for all three condensing conditions, and for supercoiled DNA, a higher concentration of HU was required to achieve the same rod population measured when HU was added coincident with the condensing agent (Figure 4 ). The addition of HU to a PEG-DNA solution after condensation resulted in an even lower percentage of rod-like condensates. For example, an HU concentration of 400 nM resulted in an increase in rod population to 44% (data not shown), as compared to the 70% rod population observed when 400 nM HU was added before or during condensation by PEG (Figure 4 ). For condensates prepared with spermidine or spermine in the absence of HU, no apparent increase in rod population was observed when HU was added up to a concentration of 400 nM to solutions containing the pre-formed DNA-polyamine condensates.
The difference in rod populations observed for experiments in which the same concentration of HU was added before or coincident with condensation versus after condensation clearly demonstrates that HU influences condensate morphology during the process of DNA particle formation (i.e. nucleation and initial growth). On the other hand, the ability of HU to significantly increase the population of rods formed in the presence of PEG after condensation has occurred demonstrates that the ability of HU to increase the relative populations of rod-like condensates is also thermodynamic in nature. We note that the addition of HU to DNA condensed by spermidine and spermine caused a substantial increase in condensate aggregation, which may have limited DNA rearrangement into rods (data not shown).
DISCUSSION
A model for how HU guides DNA condensation in vitro
The coexistence of rods and toroids as products of in vitro DNA condensation reactions reflects the nearly equivalent energetics of DNA packing within these two distinct morphologies, including the energy required for the smooth bending of DNA within toroids versus that required to produce sharp bends at the ends of rods (16, 56, 57) . When DNA is condensed in the presence of high concentrations of alcohol, or condensing agents with hydrophobic groups (e.g. permethylated spermidine), rod populations increase with respect to toroid populations (15, 17, (58) (59) (60) . Under such conditions, hydrophobic groups of the solvent or condensing agent interact favorably with unstacked DNA bases. These interactions lower the free energy penalty associated with sharp bending at the ends of rods, which renders rod formation more energetically favorable (15, 17, 61) . The higher population of rods observed with supercoiled DNA versus linear DNA can be attributed to torsional strain, which also makes DNA more prone to the formation of sharp bends (62, 63) . These correlations between the promotion of sharp bends and increased rod populations inspired us to investigate the possibility that DNAbending proteins could be used to control the morphology of DNA condensates.
To understand the origin of the increase in rod populations observed in the presence of HU, we must consider both what is known about HU binding to DNA and the state of DNA within rods and toroids. DNA condensed into a rod exists in two states, in a sharply bent state in the end regions, and presumably unbent state in the linear region between the two ends. HU has been shown to preferentially bind pre-bent DNA, and to bend linear DNA (42, 43, 53, 54) . Therefore, HU binding is expected at the ends of rods, where binding would increase rod stability, and not in the linear regions, at least not at the HU concentrations used in the present study. DNA condensed within toroids is smoothly bent over a radius of curvature that is much greater than that of the sharp bends induced by HU (64) . Thus, HU would not be expected to stabilize toroids, and may even suppress toroid formation, by introducing bends that are incompatible with DNA packing within a toroid.
DNA condensation in vitro is a nucleation-growth process that includes rod/toroid nucleation, proto-rod/ proto-toroid formation (i.e. intramolecular condensation) and particle growth by intermolecular condensation (57) . In Figure 5 , we present a schematic diagram of this process for DNA condensed in the presence of HU. Steps involving rod nucleation and growth are indicated by bold arrows as being more favorable in the presence of HU, as our data indicates that DNA condensation steps under both kinetic and thermodynamic control are more favorable towards rod formation in the presence of HU.
The apparent kinetic advantage provided to rods by HU can be understood in terms of how HU binding would preferentially promote rod nucleation. The nucleation structure for rods has not been investigated by experiment as it has been for toroids (12, 13) . However, Langevin dynamics simulations of DNA condensation indicate that rods are also nucleated by DNA loops, with toroids being nucleated by loops with an obtuse internal contact angle and rods being nucleated by loops with an acute internal contact angle (56) . We propose that the binding of HU to either type of DNA loop would increase the probability for the loop to collapse on itself (Figure 5 ), forming a condensed oval structure that would nucleate rod formation. This proposed path to rod nucleation would simultaneously increase the probability of rod nucleation and reduce the probability of toroid nucleation. Creation of rod nucleation sites, by this or an alternative route, can also be viewed as a reduction in the activation energy required for rod nucleation as a result of DNA binding and bending by HU.
The intramolecular condensation of a single 3 kb DNA molecule gives rise to a proto-rod or a proto-toroid, depending on the nucleation structure ( Figure 5 ). HU binding is again expected to be most favored at the ends of a proto-rod, which would increase the stability of the proto-rod. HU-stabilized proto-rods would then be more likely to grow into full-size rods by the addition of DNA from solution ( Figure 5 ), versus proto-rods in the absence of HU. Finally, the binding of HU to DNA within a rod at any stage of growth would also be expected to provide additional stability to the rod structure versus DNA condensed into a toroid, and thereby provide a thermodynamic advantage to rods under equilibrium conditions (i.e. after the kinetically controlled stages of condensation).
While the model described above explains our observation that rod populations increase in the presence of HU, this model does not explain the reduced effectiveness of HU in promoting rod formation when HU is added prior to a DNA-condensing agent, as compared to coincident addition. However, this observation can be understood considering what is known about the bound lifetime of HU on DNA versus the timescale of DNA condensation. HU-DNA complexes have a dissociation half-life of 0.6 min and 6.3 min in 50 mM NaCl and 5 mM NaCl, respectively (65) . The initial stages of DNA condensation, including nucleation and intramolecular collapse of a DNA strand, are complete within milliseconds (66, 67) . Thus, HU molecules preassociated with DNA may not be able to completely redistribute within the time frame of condensate formation to maximize their influence on the nucleation of rods or the stabilization of protorods. In contrast, HU added coincident with a condensing agent would be more efficient in guiding condensate structure if the on-rate of binding to DNA is faster for bent DNA, in which case HU would preferentially bind at the ends of nucleated rods rather than in the linear region of a rod or along a DNA strand that has nucleated a toroid.
We have observed that the relative rod population of DNA condensates formed in the presence of PEG/NaCl increases when HU is added even after condensation has taken place. In contrast, HU did not significantly increase rod populations when added after DNA was condensed by spermidine or spermine. We have previously presented evidence that the conversion between fully formed toroids and rods takes place through the exchange of condensed DNA with solution (57) . The ability for HU to cause the conversion of toroids formed in the presence of PEG/ NaCl into rods suggests that appreciable strand exchange occurs between toroids and solution after condensation is complete. In contrast, our observation that HU does not promote rod formation after condensation by spermidine or spermine suggests that strand exchange in these preparations is minimal, and that the observed effects of HU on spermidine and spermine condensate morphology occurs during the earlier stages of condensation (i.e. nucleation, proto-structure formation and initial growth). Nevertheless, it is likely that HU can alter the morphology of condensates formed by polyamines under equilibrium conditions if conditions are used that allow DNA strand exchange with solution after initial condensation (e.g. higher monovalent ionic strength). This possibility is currently being explored. We also note that the amount of HU bound to DNA within HU-induced rods has not been determined directly for any of the condensate preparations reported here. It is possible that less HU may be necessary to maintain the rod morphology than is initially required to guide the condensation of DNA into rods. Experimental conditions may even exist for which it is possible to completely remove HU from rods without reverting to alternative condensate morphologies.
Implications regarding the functionality of HU in DNA condensation
Our present study of controlling DNA condensation with the protein HU also suggests a possible functionality of this nucleoid-associated protein within bacteria cells. Chromosomal DNA in bacteria is condensed into the nucleoid by the combined effects of DNA supercoiling, nucleoid-associated proteins, cellular macromolecular crowding effects and polyamines (68) (69) (70) . Although HU is one of the most abundant nucleoid-associated proteins and has often been referred to as a 'histone-like' protein, the role of HU in condensing the bacterial chromosome is not understood (33,43,45,71-74 ). Our use of spermidine (one of the major polyamines in bacteria) and PEG (a macromolecular crowding agent) is clearly far too simplistic to be considered a reasonable model of the bacterial cytoplasm. Nevertheless, we have demonstrated that HU guides the condensation of DNA into structures with linear bundles (i.e. rods) when DNA is condensed by two very different solution conditions, polyamines and a crowding environment. Thus, the ability to control DNA condensate morphology appears to be an intrinsic property of HU. These combined results indicate that HU is much more effective in controlling the morphology of DNA condensation than it is in promoting DNA condensation, which may reflect how HU plays an architectural role in the condensation of bacterial chromosomal DNA.
Azam et al. have estimated that 30,000 HU dimers exist per E. coli cell during the exponential growth phase (75) . If HU is evenly distributed throughout the chromosomal DNA of an E. coli cell in this phase, then HU loading of DNA would be on average only 1 HU dimer per $300 to 400 bp (75) . Our results demonstrate that HU can act as an architectural protein for guiding DNA condensing at such low loading levels ( 1 HU dimer per 225 bp). As HU is believed to be somewhat evenly distributed throughout the bacterial chromosome, our experimental evidence of the architectural role of HU in guiding DNA condensation is definitely of physiological relevance (76) .
Mutational and biochemical analyses have implicated HU as a determinant protein in packaging the bacterial chromosome (29) (30) (31) (32) 77 ). Zimmerman and coworkers demonstrated that HU reduces the concentration of crowding agents (i.e. PEG 8000, albumin) required to condense DNA in vitro (46, 47) . However, more recent studies question the exact role of HU in chromosome condensation. Single molecule investigations of HU binding to DNA have revealed that HU has a dual mode of binding. At low HU-to-DNA ratios, (e.g. less than 1 HU dimer per 150 bp), HU-induced bends decrease the persistence length of DNA (43, 45, 73) . In contrast, at high HU-to-DNA ratios (e.g. 1 HU dimer per 9 bp), HU actually increases the stiffness of DNA (43, 45, 72, 73) . While the high-loading mode of HU is intriguing, it is still unknown why such a mode exists for a protein that is believed to facilitate DNA compaction. In the present study, we have observed a dramatic effect of HU on DNA condensation at much lower HU concentrations and at much lower DNA loading levels than those of the abovementioned studies.
We propose that HU can function in vivo as an architectural protein during chromosome condensation. Over the range of HU concentrations we have investigated, HU primarily functions as an architectural protein but not as an antagonist to DNA condensation, as has been suggested in recent reports (45, 68, 72, 73, 78) . We hypothesize that HU could locally organize bacterial chromosome DNA in the presence of polyamines and a crowded environment to facilitate DNA condensation into a more ordered, bundle-like state. We emphasize that the rod-like DNA structures observed with HU and DNA condensing agents are not likely the same dimensions as condensed domains of DNA within bacterial cells, which will be restricted by higher levels of chromosome structure and domain supercoiling. Nevertheless, the morphology of DNA condensates produced in vitro appears to be useful for monitoring the conditions under which HU affects DNA condensation, which could prove valuable for further exploration of HU-controlled condensation within more sophisticated models of the bacterial cytoplasm.
